The Milky Way is a barred spiral galaxy, with physical properties inferred from various tracers informed by the extrapolation of structures seen in other galaxies. However, the distances of these tracers are measured indirectly and are model-dependent. We constructed a map of the Milky Way in three dimensions, based on the positions and distances of thousands of classical Cepheid variable stars. This map shows the structure of our Galaxy's young stellar population and allows us to constrain the warped shape of the Milky Way's disk. A simple model of star formation in the spiral arms reproduces the observed distribution of Cepheids.
The Milky Way is a barred spiral galaxy, with physical properties inferred from various tracers informed by the extrapolation of structures seen in other galaxies. However, the distances of these tracers are measured indirectly and are model-dependent. We constructed a map of the Milky Way in three dimensions, based on the positions and distances of thousands of classical Cepheid variable stars. This map shows the structure of our Galaxy's young stellar population and allows us to constrain the warped shape of the Milky Way's disk. A simple model of star formation in the spiral arms reproduces the observed distribution of Cepheids. C epheid variable stars pulsate, causing their brightness to vary with periods of 1 to 100 days. Classical Cepheids are young (<400 million years old) supergiant stars, whereas other types of Cepheids (type II and anomalous) arise in older stellar populations. The intrinsic luminosities of classical Cepheids span the range of 100 to 10,000 solar luminosities (L ⊙ ). This is bright enough to be detected at extragalactic distances and, within our Galaxy, through obscuring interstellar clouds of gas and dust in the foreground. Cepheids follow a pulsation period-luminosity (P-L) relation (1) , allowing the absolute magnitude of a Cepheid to be inferred from its period. The distance can then be determined by comparing the absolute and the apparent magnitude, provided the foreground interstellar extinction is known. At optical wavelengths, interstellar extinction is often large and highly variable, but observations in infrared (IR) bands reduce these uncertainties. Detection of Cepheids in the optical bands is straightforward owing to their characteristic sawtooth-shaped light curves and large amplitudes. In the IR, the light curve shape becomes more sinusoidal and difficult to distinguish from other types of variable stars. Cepheids can appear indistinguishable from other variable stars in the optical bands if the number of measurements is limited (below 80 to 100 epochs) and the survey time span is short.
We analyzed data for 2431 galactic Cepheids, most of which were discovered by the fourth phase of the Optical Gravitational Lensing Experiment (OGLE-IV) project (2) . This is a longterm survey of the galactic disk and Galactic Center focused on the discovery and classification of variable stars. The OGLE Collection of Galactic Cepheids (3) more than doubled the number of known galactic classical Cepheids. The magnitude range of the galactic plane portion of OGLE-IV, 11 to 18 mag in the I-band, enables identification of Cepheids as distant as the expected boundary of the galactic disk [~20,000 parsecs (pc) from the Galactic Center]. OGLE has covered almost all the galactic disk visible from its site at Las Campanas Observatory, Chile ( Fig. 1 ).
Cepheids closer than 4 kpc are too bright, so they saturate in the OGLE survey images. Therefore, we complemented the OGLE sample with brighter objects from the list of galactic Cepheids (4), themselves mostly from the General Catalogue of Variable Stars (GCVS) (5) and the All Sky Automated Survey (ASAS) (6) . We also supplemented the list with Cepheids discovered by the All-Sky Automated Survey for Supernovae (ASAS-SN) survey (7) and we identified Cepheids in the Asteroid Terrestrial-Impact Last Alert System (ATLAS) survey catalog (8) . We also investigated Cepheid candidates from the Gaia Data Release 2 (Gaia DR2) catalog (9) , confirming 211 of them as classical Cepheids. Full details on the sample selection are provided in (10) .
Most of the Cepheids lie close to the galactic plane, so they are affected by extinction by dust, which is also concentrated in the plane. To reduce the effect of dust extinction, we determined the distances to individual Cepheids based on mid-IR photometry obtained by the Spitzer and Wide-field Infrared Survey Explorer (WISE) satellites corrected for interstellar extinction (10), as well as appropriate P-L relations (11) . Positions and distances of each Cepheid were converted to Cartesian coordinates with the Sun at the origin to facilitate study of their three-dimensional distribution (10) . Figure 1 presents our map of the Galaxy in Cepheids, representing the young stellar population. We show the view projected on the sky ( Fig. 1A ) and face-on ( Fig. 1B) , together with a four-arm spiral galaxy model consistent with neutral hydrogen (H I) observations (12) . Areas of higher Cepheid density indicate the nonuniform galactic structure or regions of enhanced star formation. The side view ( Fig. 1A) shows that the young stellar disk of the Milky Way between longitudes 240°< l < 330°lies below the galactic plane (as traced by Cepheids), which suggests warping of the galactic disk.
We subdivided the Galaxy into 12 sectors of unequal azimuthal width in the galactocentric polar coordinate system with the azimuth f = 0°pointing to the Sun ( Fig. 2A) . The disk is not flat; the warp is evident in directions that are sufficiently well populated with Cepheids (Fig.  2B ). The warping of the disk begins at a distance of~8 kpc and becomes steeper at~10 kpc, reaching out to the edge of the Galaxy at~20 kpc. The disk warps toward negative distance from the galactic plane (Z) in the azimuth range 0°< f < 135°and toward positive Z in the range 165°< f < 330°, although the exact boundary is unclear because of the smaller number of known Cepheids on the far side of the Galactic Center. To further illustrate the warping of the disk and as a guide to the eye, we fitted a simple model surface to the Cepheid distribution (10); this is shown in Fig. 2 , C to E, from three viewing angles.
The warping of the disk has been observed before, in H I (12, 13) , stars (14-18), dust (19) , and kinematics of stars in the plane of the sky (20, 21) . Our map shows the warp in three dimensions and differs from models derived from those earlier detections (10) .
We modeled the thickness of the young disk by fitting a simple exponential model (10) . We measured the disk scale height within the solar orbit, H = 73.5 ± 3.2 pc, and the distance of the Sun from the galactic plane, z 0 = 14.5 ± 3.0 pc ( fig. S3 ). These values can be compared to the past determinations (table S2) . We removed the average warp shape from the galactic disk to analyze its flaring properties far from the center ( fig. S2 ). We found that the flaring of the disk in Cepheids matches that seen in neutral hydrogen (22) (fig. S2B ).
The distribution of classical Cepheid pulsation periods as a function of the distance from the Galactic Center is shown in fig. S4 . It shows a decrease in the minimal pulsation periods of Cepheids with increasing galactocentric distance, consistent with a radial gradient of metallicity (abundance of elements heavier than hydrogen and helium) in the Milky Way (23) (24) (25) .
The age of classical Cepheids is correlated with their pulsation period, metallicity, and stellar rotation (24) . Using the period distribution, we performed an age tomography of the Milky Way Cepheids (Fig. 3A) . After applying the period-age relations for Cepheids (24) and including the metallicity gradient (10, 25) , we determined that the majority of Cepheids in our sample formed between 50 million and 250 million years (Ma) ago (Fig. 3B) . The spatial distribution of ages shows that the closer to the Galactic Center, the younger the Cepheids we observe (Fig. 3, C to E) . The age distribution of Cepheids does not directly reflect that of all stars present in the disk. For example, the absence of short-period Cepheids in the inner disk does not necessarily mean that older (less massive) stars are absent in that region, as the higher metallicity there would not have produced Cepheids in the older population.
The spatial distribution of Cepheids shows several distinct features (Fig. 3A) . Because these features are located mainly in the area monitored by OGLE, where the Cepheid detection efficiency is high (3), they are most likely real, rather than the result of an observational bias. The most prominent feature is formed by Cepheids within an age range of 90 to 140 Ma (Fig. 3D ). Traces of this arc-shaped overdensity were previously associated with the Sagittarius-Carina spiral arm (26) (27) (28) (29) . An additional small overdensity in this age range is connected with the Perseus arm. Figure 1B also shows additional overdensities of Cepheids. Figure 3 , C and E, shows the distribution of our Cepheids in the age ranges of 20 to 90 Ma and 140 to 260 Ma, respectively. There are three overdensities in the youngest bin and two in the oldest one. The youngest overdensities roughly correspond to the inner Galaxy spiral arms (Norma-Cygnus, Scutum-Crux-Centaurus, and Sagittarius-Carina), whereas for the oldest ones, possible associations with the Perseus and Norma-Cygnus/Outer arms are much less evident. Cepheids within individual overdensities have similar ages, suggesting a common origin in past star formation episodes.
We performed a simple simulation in which we selected stars from three age bins. Median age values in these three groups were 64, 113, and 175 Ma. Then we searched for a star formation episode in one or more of the spiral arms, which, after a given time (after the Galaxy has rotated), would produce the currently observed distribution of Cepheids. The results of this simulation are presented in Fig. 4 , where each row focuses on one of the age bins. Figure 4 , A, D, and G, shows the current observed distribution of Cepheids. Figure 4 , B, E, and H, presents the positions of the spiral arms as they were 64 Ma, 113 Ma, and 175 Ma ago, respectively, following an assumed rotational period of the spiral pattern equal to 250 Ma (29) . At those moments and locations, we injected star formation episodes. Figure 4 , C, F, and I, shows how those star formation regions would look now (after 64, 113, and 175 Ma, respectively), taking into account the typical velocity of disk stars (30) . We require a low-velocity dispersion of Cepheids during their birth (8 km/s) to match the coherent overdensities we observe.
Even with these simple assumptions, we find a good match between the observed and simulated distributions of Cepheids in the shape of the overdensities, as well as in their internal dispersion. Cepheids that were formed in a spiral arm do not currently follow the exact location of that arm; this can be explained by the difference in rotation velocity between the spiral density waves and the stars. This is the most pronounced in the case of the oldest group (Fig. 4 , G to I), where the overdensities fall between the Perseus and Norma-Cygnus/Outer arms, in which they were most likely formed, and in the Sagittarius-Carina-Perseus arm gap.
We have produced a three-dimensional map of the Milky Way based on a large number of individual Cepheids with measured distances. This represents the young stellar population that extends to about 20 kpc, covering a large portion of our Galaxy, thus illustrating the extent and shape of the young stellar disk. Our work shows that a simple model can reproduce the current distribution of the young stellar disk of the Milky Way with narrow patches of stars of similar age. The background image represents a four-arm spiral galaxy model consistent with neutral hydrogen measurements in our Galaxy [with the spiral structure modeled as logarithmic spirals (29) ]. The Sun is marked with a yellow dot; the dashed lines show the angular extent of the OGLE fields (190°< l < 360°, 0°< l < 40°). X (kpc) prepared the manuscript. All authors collected the OGLE photometric observations and reviewed, discussed, and commented on the results and on the manuscript. Competing interests: The authors have no competing interests. Data and materials availability: Data for our full Cepheid sample is available in table S1 and data S1. The OGLE Collection of Galactic Cepheids is available at the OGLE Archive: www. astrouw.edu.pl/ogle/ogle4/OCVS/. The Python code for the simulations shown in Fig. 4 
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